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ABSTRACT

The polymerase encoded by human hepatitis B virus,
which has reverse transcriptase and RNase H activity,
binds to its pregenomic RNA template in a two-step
process involving a terminal redundancy. Both first
strand and second strand DNA synthesis involve
primer translocation and second strand synthesis
involves a template jump. Three parts of the genome,
including the so-called core promoter, are known to
show deletions in strains usually arising after long-
standing HBV infection, but also in some patients
treated with interferon. A computer-based study of
RNA template folding in the core promoter region,
accommodating well-known point mutations, has gen-
erated a model for the 3 ' DR1 primer binding site as
being part of a superstructure encompassing an
already well-established stem-loop. Depending on the
identity of nucleotides 1762 and 1764, the DR1 region
may assume two alternative secondary structures
which stabilize it as a primer binding site to different
extents. Remarkably, one of these structures includes
a pronounced loop which coincides with at least 12
related deletions seen in HBV DNA from different
patients. Thus according to the model, the 5 '- and
3'-ends of pregenomic RNA, which share primary
sequences but have separate functions, are not
structural equivalents. An RNA superstructure near the
3'-end of all HBV transcripts could have far-reaching
implications for the modulation of both genome repli-
cation and post-transcriptional processing.

INTRODUCTION

particles and encapsidation of the hepadnavirus pregenome and
polymerase together is required for DNA synthe3is (

The pregenomic RNA of hepadnaviruses carries-acting
encapsidation signal near itséhd @,4). The polymerase is also
required for packaging of pregenomic RN# &nd a complex
between the polymerase and the encapsidation signal forms
before encapsidation occug$.(Formation of this ribonucleopro-
tein complex involves cellular proteins, including the heat shock
protein Hsp90§{).

The encapsidation signal has inverted repeat sequences which
form a bipartite stem—loop structuigg). This structure appears
to be well conserved in different hepadnaviruses and highly
conserved in naturally occurring HBV variaris By virtue of
a terminal redundancy in pregenomic RNA, the stem—loop
structure also occurs at theehd. However, it is the' Topy
which functions in polymerase binding and encapsidatitn (

To start reverse transcription, a 4 nt primer which is covalently
attached to the polymerase is made, using a bulge in the
encapsidation signal as template (Hig. This primer is then
shifted to DR1, near to the€-8nd of the RNA, and reverse
transcription proceed®); The mechanism by which the 4 nt
primer is translocated between theahd 3-ends is not known,

but may involve circularization of the pregenome.

Once minus strand synthesis is complete, most of the pre-
genomic template has been removed by RNase H activity of the
polymerase, except for its BR1 region. This remaining RNA
can act as primer for second (plus) strand synthesis, but a shift in
the primer position occurs, from DR21)(8n the minus strand
template to DR2, a direct sequence repeat closer td-grel5
(Fig.1). Synthesis of plus strand DNA in a continuous fashion can
then only be achieved by a jump from thet®& the 3-end of the
minus strand template. While this is mechanistically complex, it
ensures that single-strand breaks in minus strand and plus strand
DNA do not coincide, so that non-covalently closed DNA

Hepadnavirus genomes have a compact organization in whichdtiplexes have circular form.

transcriptional regulatory signals coincide with open reading Since the advent of the PCR technique, many workers have
frames (ORFs). Almost half of the 3.2 kb partially doublefocused attention on the genetic variability of HBV. HBV strains fall
stranded DNA genome of human hepatitis B virus (HBV) hasaturally into five or six phylogenetic groups or genotypes (A—F)
overlapping ORFs. The ORFs are termed precore/core, polyméti—13). Strains of the main genotypes (A-D) are generally
ase, pre-S/S and X. There are five major unidirectional tramssociated with different geographical areas of the wbf)d (

scripts, including the 3.5 kb pregenome and a 3.5 kb RNA speciesnfection by HBV has a wide range of clinical outcomes, from

termed precore RNA, which is 30 nucleotides (nt) lonterif

self-limited silent or acute infection to fulminant hepatitis. It has

common with precore RNA, pregenomic RNA acts as &een estimated that >300 million cases of chronic HBV infection
messenger RNA, but it functions additionally as a template faxist globally. During attempts to explain viral factors which
reverse transcription (Fidl). This occurs in immature core might lead to severe infection or fatality, mutations have been

* To whom correspondence should be addressed at: Department of Virology, University of Ume&, 901 85 Umed, Sweden
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encapsidation signal, has been investigated most thoroughly. Lok
et al (20) carried out a large scale survey to determine the
frequency of mutations in this part of the genome. The
co-existence of certain mutations in non-contiguous codons
(precore codon 15 and codons 28 and 29) was related to the
secondary structure of the pregenomic encapsidation signal. In all
strains except those of genotype A, U-A pairing would normally
replace U-G pairing, which in addition to preventing HBe
production at the translational level, might improve the encap-
sidation competence of the mutaht)(

Table 1.Open reading frames in the HBV genome

ORF Nucleotide positiof Product
Start End
X 1374 1838 X protein
Precore 1814.b HBeAg®
Core 1901 2452 Core (HBcAg), HBeAg
Pre-S1 2848 L protein
Pre-S2 3205- M protein
S 155 835 S protein (HBsAQ)
P 2307 1623 Polymerase

Nucleotide numbering according to Okametal (1988).

bArrows indicate ORFs that are contiguous with and use the stop codon of the
next on the list without an arrow.

CHBeAg is a C-truncated core product, originating at the precore start codon but
post-translationally cleaved to carry only the last 10 amino acids of 29 encoded
by the precore.

The core promoter mutationl4GA1764 from AGG and
deletions around this region have been assumed to be important
at the transcriptional level for modulation of precore and/or
Figure 1. Organization of the terminally redundant 3.5 kb pregenomic RNA pregenomic RNA levelsi ). However, Chest al (22) recently
relative to the 3.2 kb HBV genome and key events for transcription, : : ' R f
encapsidation and reverse transcription. Pregenomic RNA transcription frorrge‘clrled the essential promoter elements as COInCIdlng with th.e
circular DNA (lower part of diagram) starts immediately upstream of DR1 andStart Qf the precore RNA, some 24 bases downStr?am of the point
continues around the genome through DR1 again to beyond the polyadenyl@utations. In this paper we describe an alternative role for the
tion signal. The polyadenylation signal at tHeesd of the RNA is not ~ AGG/TGA motif during reverse transcription of the pregenomic
recognized. The viral polymerase, shown with oval shading in the expandetpNA A model based on computer prediction is proposed for the
(upper) part of the diagram, associates with a stem—loop structure'atitide 5 ) . . -
of the pregenomic RNA and is encapsidated with it. A 4 nt prira@GBA-3') secondary _StrUCture of thééh‘?' of this RNA, which explal'ns t_he .
covalently linked to the polymerase is generated using part of the encapsidatiohGA mutation and why deletions may subsequently arise in this
signal as template. This primer is moved to a corresponding sequence (part p¢gion. The model also offers a plausible alternative explanation
DR1) near the'3end of the RNA and minus strand DNA synthesis begins. for the dramatic decrease in virus rep"cation of genotype A

strains on developing a precore codon 28 stop mut&tion (

discovered which apparently arise during the course of infectiq@aTer ALS AND METHODS

and are sometimes associated with changes in immune response

to the virus. The precore codon 28 mutatibs) (s a single base HBYV strains and sequence determination
change predicted to prevent e-antigen (HBeAg) production (s

Tablel) and is usually associated with loss of serum HBeAg al veral HBV strains used in this study have been described

eviously (4). As the X gene/core promoter sequences were

a concomitant increase in antibody production (anti-HBe) by t : .
. 5 764 : ready established, sequencing was extended downstream to
patient. Another DNA change tA%GG17%%, TGA or TGG) in include the precore region/encapsidation signal. All sequencing

the core promoter region is also associated with HBEAG {9 5" ¢ formed by the method of Kretzal (23) as described
anti-HBe seroconversioi ). In addition, several workers have reviously £4)

?heesgg?ee?ed%ﬁtg‘nti:n?(Iar::%rlglgc])?ep(r)eé%z:g%%%?ifr(t)zigiﬁg CNucleotide numbering throughout corresponds to that of
J P Okamotoet al (11). This differs by 2 nt from the numbering

Al762GGL764region of the core promotelrd18,19). :
Despite many publications on HBV genome variability, fewSyStem adopted by Chenal (22) for core promoter analysis.

satisfactory explanations have been put forward for the gen
ation and tolerance of common point mutations and deletio
arising during the course of a single infection. The precore codétBV X gene sequences were aligned with those of several known
28 stop mutation, which coincides with the main stem of thstrains (4) using CLUSTALV @5) and subsequently analysed

SF]ylogenetic analysis
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using the PHYLIP package, version 3Z5)( The programs & 1741 TSGGSSAGGA GAITAGSTTA ARBETCTTIG TRATTAGGAGH 1780
SEQBOOT, DNAPARS, CONSENSE and DRAWTREE weres i
used consecutively as described previousH. ( =

precare Fivd— -

Computer prediction of RNA secondary structure St i i

A
Computer models of RNA folding were generated using the

MFOLD program, a part of the GCG packag@é (which is based Cy e o et e

on the revised predictions of Jaeger and Zu@yx This program

allows consideration of suboptimal folding of RNA. The on-line - — prepenamic ANA— g
facility of M. Zuker (Institute for Biomedical Computing, Washing-, .., L—;—Fmﬁ:f—'-' USRIy W S e
ton University, St Louis, MO; http://mww.ibc.wustl.eOmiker/ & R P e T T
RNA/form1.cgi) was used for the purpose of confirmation, as weg, T beand i e sn el
RNADRAW (29), a graphical interactive program based on the 'T

Vienna RNA package. All calculations were performed for ¢

temperature of 3TC. : LREL  TOTTCAMRICC TOCARKICTIT GOCTTOOSTE -TT.:JE':.:: 1%00
RESULTS 3 Fillieds
Taking into account that AGGTGA changes at positions ol A dgat
1762-1764 in the so-called core promoter are so common and t viars curs BT Y tyren

many natural deletions arise across this same region (y ~ “*°* GEESACATIE RCCCTTATAR RAAATTTI 1928

L
1748-1777), we undertook a computer-based study of secondt .
structure prediction. Our main premise was that there must be'a
unifying structural explanation for these two apparently linked
phenomena which is compatible with our present knowledge dfigure 2. Genotype-specific differences in core promoter/precore sequences.
HBYV genome transcription and replication. Since the initiator andhe alignment shows a consensus sequence for each of the main genotypes A
TATA elements of precore and pregenomic RNA transcription aré’ = 8). B 0=21), C 0=27) and Dif = 19), based on 45 of our own sequences
. L . . rom separate patients) and 30 from the databank. Position 1762 is always

r_IOW well def|ned22), the rep!|cat|0n events fO"QW'”g transcrip- shown as A here and 1764 as G (shaded region); these are frequently T and A
tion and mediated by the viral polymerase might rather be th@spectively, regardless of genotype. Position 1896 is always shown as G here:
reason for such mutations arising. an A at this position is frequently encountered in genotype B, C and D strains

Seventy-five HBV sequences (including 45 of our own) Spanninj‘{d);core codon 28 stop mutation). Additionally, position 1912 in genotype D
the core promoter, the precore region and the first 28 nt of the cdfi§"0ted by an asterisk) can be either C or T.
region were aligned and compared. These sequences represented
genotypes A-D, as determined by phylogenetic analy§isfrom
this alignment, a map of genotype-specific changes was made (Rguctures of both stem-loop 1 and stem-loop 2 combined (Fig.
2). Much of the computer-based analysis was arbitrarily based o8aand b), as predicted by MFOLD for the=8d of pregenomic
genotype A HBV sequence from the databank (accession HRINA, will be called a superstructure.
V00866). This 3.2 kb genomic sequence was edited to resembldhe differences in predicted stem—loop 1 folding as a function
3.5 kb pregenomic RNA, then subedited for analysis in sectiors. the identity of nt 1762 and 1764 are worth detailed
Most of what follows deals with analysis of a 375 base sequencensideration. According to the folding predictions, AGG at
representing the'-8nd of the pregenomic RNA, from nt 1582 topositions 1762-1764 would be part of a 4 nt sequence
1956 according to the genomic numberii).( (5-AGGU-3) base pairing with the middle of the 11 nt DR1

Folding of the 375 base sequence by the program MFQBD ( sequence (BJUCACCUCUGC-3) (Fig. 3a). The two bases at
was performed using a sequence with (i) AGG or (i) UGA athe 3-end of DR1 would also be capable of base pairing
positions 1762-1764. The well-established stem-loop structu{®-UUCACCUCUGC-3'). The predicted shift in secondary
corresponding to thé Bncapsidation signal was present in 15 of 1&tructure as a result of UGA identity at positions 1762-1764
suggested likely structures for (i) and in all 16 suggested structukgsuld transfer these bases away from DR1 to a newly created
for (ii). Surprisingly, 12 of the 16 suggested structures for (i) also hatem—loop side branch (covering 1759-1775). In this second
a longer stem—oop structure in common, situated immediatetpnformation for stem—loop 1, the DR1 sequence is base paired
upstream of the established one, from positions 1746 to 1845 (Rigall positions except for the fout-Bucleotides which bind the
3a). Even more surprisingly, according to the most likely predigrimer (3-UUCACCUCUGC-3). The middle region of DR1
tions, this stem—loop would share a short stem and basal bulge AICU), as before, pairs with an AGG sequence, b(RIGGL764
that of the established stem—loop. Eleven of the 16 predictions fersubstituted by & 785G 780
(ii), with a UGA at positions 1762-1764, also featured a novel We then asked whether the predicted folding of the ‘UGA
stem—loop structure. The predicted UGA-specific stem—loop strueariant of stem—loop 1 was dependent on a change at both
ture had all basal stem features in common with its AGG-specifitucleotide positions 1762 and 1764 or whether one base change
equivalent (Fig.3b). However, the predicted folding betweenwould suffice. The folding predictions indicated tle@her a
positions 1758 and 1833 was remarkably different. change from A to U at position 1762a change from G to A at

For clarity, the newly predicted stem—loop structures arposition 1764 was necessary and sufficient to effect the structural
hereafter referred to as stem-loop 1, whereas the establisihedrrangement. However, a change at 1764 alone would form a
(downstream) one will be referred to as stem—loop 2. The possiloi®re open loop, rather than a side branch, between nt 1759 and

L.



3298 Nucleic Acids Research, 1996, Vol. 24, No. 17

]
A Bife g, 5E
W aSegy, &
iy T
| HaL
] o
— P
&
=14
EIE‘. cuuuhﬁ' .
[ELE ()= 1] guu
c
HUAuGuy ¢ u 5 (L8] Lg
S 3 TH H‘} Egput o, f  end® W
(het] %Ilz:frm oy "':.-_.':"r LT
Gy G0
M (-] I, 1]
1] La
H a U i (-t
uuE G
l;|,. [T
uty, mm ol
l.I"L r o
Se Y
kgt [
e c'.:,'-l__ul.ll
(e M u
oo
L
r:'l.-'u [ R 1 |-a|n:l
[
fﬂ} LUGGGAGGATUUG WITETEE GG L4 VPN GG GC
c9g
(=] A
ML
L] wEEy a
A ACcal
T
e ‘cﬂ T
P Bk
M u
u u
G u suu
IIC J.lld--- i C‘ ] gig
Geat 5 Ao al g
i 1] g gl Up d oped e o
/ &y DRl co gptMpuvte
uig G [ Fud
u Hauy,u L !
Fa %k WO LN
u € g—— ag
[Pl u&
L &
LY e, o
I'l\.u i g
aFR ua
LgH -
r ':5".,1 ul
ET] L= u
o
|.?In.' -l e 1T Inad
i
fb_,.l CudGaafOaduud UETETEERGASUNUGG&OE

] o ) Figure 4. Location of six different representative natural core promoter
Figure 3. Computer predictions (using MFOLD) of secondary structure for the deletions in the HBV genome relative to part of the computer predicted
3-end of HBV pregenomic RNA witha) AGG at positions 1762-1764  secondary structure shown in Figure 3b, which corresponds to strains with
(shown shaded)b} UGA at positions 1762-1764 (also shown shaded). All  UGA at positions 1762—1764. References for these deletions are as follows:
HBV mRNA spec_i(_es carry these primary sequences and use the polyadenylag) (16); b) (16); €) (16,18); €) (31); € (19); ) (16). MFOLD analysis of
tion signal at positions 1916-1921 (shown boxed). The computed free energynodified HBV V00866 sequences, with the respective deletions, indicated that

for optimal folding from nt 1750 to 1841 inclusive is —18.3 kcal/mol in (a) and the uppermost part of the structure shown here is conserved. This involves base
pairing between nt 1778-1780 and the central part of DR1. The stem carrying

—17.1 kcal/mol in (b).
nt 1750 often appeared shortened as a result (data not shown).

1774, as aresult of a base mismatch at position 1728%2ith
Al773 (data not shown). This folding is based on a genotype the intact sequence (F&p). Thus, the deletions occur in a region

sequence, however, and we note that genotype B and C straifthe pregenomic RNA which may exist as a side branch or loop.
generally have C at position 1773 rather than U. The C would nbhere was no such association between the positions of deleted
pair with Al761 so there would be a loop irrespective ofsequences and the secondary structural features depicted in
nucleotide identity at position 1762. Figure 3a, which were predicted by MFOLD for AGG at

Computer predictions of RNA secondary structure must alwaymsitions 1762—1764.

be interpreted with caution and backed up by other forms of The concept of a'3uperstructure thus gains credence from the
evidence for their existence. In this case, the pattern of deletitatt that it is compatible with the emergence of mutations during
mutations seen in DNA from patients with long-standingnfection which until now have defied explanation. Deletions in this
infections requires consideration. At least 12 different deletiomegion may be a natural consequence of template skipping by the
have been described which cover nt 1748-177golymerase during reverse transcription of a region with a natural
(16,1819,30-33). When these deletions were mapped onendency to three-dimensional folding. This prompted us to
stem—loop 1, the extra branch associated with UGA at positiomvestigate the model further for predicted secondary structure shifts
1762-1764 was highlighted. Figutshows the positions of six on alteration of base identity at positions known to vary often, either
such deletions relative to the secondary structure prediction faithin genotypes or across genotypes, during the course of natural
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infection (Fig. 2). A limited computer-based ‘multivariance «*"s
analysis’ for RNA folding was performed using the 375 bp V0086%. , = a4 i,%s " “4
sequence. Positions 1762-1764 could be either AGG or UG b
position 1896 could either be G or A (corresponding to the precc i
codon 28 stop), position 1858 could either be U or C (the latter bei  i7ma™
a genotype A- and genotype F-specific change) and position 18
could be either G or A. L

All sequences corresponding to genotypes B, C and D P62 —3 g L
position 1858 showed a stem—loop 1 configuration of either tt E A Hu
‘AGG’ or ‘UGA pattern, depending on nucleotide identities at o z uﬂ;';r;i"x
positions 1762—1764 (corresponding to Bagand b). This result L L
was irrespective of base identity at positions 1896 and 189 = E
However, the genotype A-specific sequence (corresponding to “ngle o
at position 1858), while retaining its basic stem-loop 1 configw[r a) Sy UTACE
ations with AGG/UGA changes at positions 1762-1764, had
predicted shift in its secondary structure as a result of the prect
stop codon mutation (GA at position 1896). Although keeping
its distal secondary structure, stem-loop 2 was predicted
undergo a reconfiguration involving all base pairing in its lowe ._';- .
half (Fig.5a and b). Such a reconfiguration would effectively wtUygnutet
destroy any common stem organization of the superstructure € .
alter the local environment of the polyadenylation signal. Bfig

In the light of the above results, we re-examined stem—loc H oL
folding at the 5end of the pregenomic RNA, using 166 base: !
from the V00866 sequence. Pregenomic RNA starts at nt 182 e a it g
some 27 bases upstream of tHeertd of the well-known s af
stem—loop. Thus, a stem—-loop 1 cannot exist at 'teads of % L iars
pregenomic RNA, which precludes the possibility of a supel s T
structure. Contrary to our previous results witke®juences, no L )
gross alterations in the well-known stem—loop structure at tf a*
5-end could be emulated by the program MFOLD when | "o,
genotype A-specific sequence (C at position 1858) was made b “nuauee
mutate at precore codon 28 from G to A (data not shown). (&)

We also examined thé-&rminal sequences of precore RNA
for woodchuck hepatitis virus (WHV) (accession no. J02442) and

ground squirrel hepatitis virus (GSHV) (accession no. K02715) jgure 5. Predicted change in the secondary structure of stem—loop 2 as a result
Stem_IOOp regions 1 and 2 could be discerned by comput a single mutation at position 1896 (precore codon 28 stop) and peculiar to
folding. As for HBV, the 5end of DR1 was seen to be part of a genotype A strainsa] Predicted superstructure with nucleotide identity AGG
bulge. Two consecutive CCU motifs, within DR1 and immediate-at positions 1762-1764, after altering position 1896 from G to A (shown by

ly 3' of it, were seen to be associated with AGG motifs @Jig. arow: compare with Fig. 3a)b) Predicted superstructure with nucleotide
as was the case for HBV (FBa and b) identity UGA at positions 1762—1764, after altering position 1896 from G to A

. . (compare with Fig. 3b). Note the dissociation of stem—loop 1 from stem-loop
Computer folding for the much more distantly related duck; ang the altered position of the polyadenylation signal compared with Figure

hepatitis virus (DHBV) pregenomic RNA (accession no. M32991)3. The reduction in thermal stability between optimal structures (Fig. 3 versus
which does not encode an X ORF, gave results different to the otheff&. 5) as a result of the mutation at position 1896 would be 4.3 kcal/mol.

In the latter case, DR1 was predicted to map to an ‘open’ region with

no obvious secondary structure (data not shown).
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use to avoid its use or any competitive effect that it might have?
DISCUSSION One simple explanation could be that ther&lundancy in

pregenomic RNA shares the same primary sequence, but not the
In current research on hepadnavirus replication, much interest lssme three-dimensional conformation.
in the elucidation of how the virus polymerase first interacts with Related to this first enigma is the additional one of polyadenyla-
the 8 stem—loop structure of pregenomic RNA and accomplishéi®n signal usage. The one polyadenylation signal, which is
a 4 nt primer synthesis. The events of encapsidation are tighlgmewhat unusual fOAUAAA 192} is present at the-8nd
linked to these early events of reverse transcription and avéall HBV transcripts, but both pregenomic RNA and precore
obvious targets for intervention. Many questions about thBNA carry it at the 5end also. The reason why the upstream
process remain unanswered. Why, for example, does the potppy of the signal is ignored was addressed by Russnak and
merase prefer the Bopy of the encapsidation signal to the 3 Ganem using WHV35), who found that proper usage depended
copy, despite the fact that ac®py can be made to function and on multiple sequencesd it, which increased its efficiency of use.
cause priming of DR1 in artificial construcgl)? If the 3copy  These sequences were located within 400 nt of the polyadenylation
is not required for viral replication, what strategy does the virusignal. The authors suggested a stem—loop (now known to
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utfa, deletions are only tolerated in the natural history of HBV
c i infection when the need for certain products or parts of products
a declines. In the case of the so-called core promoter deletions
'{.ra mapping within the X ORF, there could be a decreased need for
f._".';, Aty those functions of the X protein that are associated with its
G4 cug C-terminal domain40-42). However, deletions could also be of
i, L advantage to the survival of HBV. For the pre-S region, deletions
Iy o o ot T i are probably related to the removal of epitopes and escape from
iy E‘L v N the immune responsé). Deletions in the HBV genome have
E ,_E'"* 1l been seen to arise during or after treatment with interfé@n (
" oen 8 One reason could be that double-stranded RNA, which is present
. A in any RNA with appreciable secondary structure, potently
"'Jﬁ'.la@ ri'.ﬁi promotes interferon action through more than one path¥@y (
. L Accidental loss of such secondary structures, if not entirely lethal
u2 -4, co for replication, might thus be of advantage to the survival of HBV
L) oy during interferon therapy.
ne By attempting to explain mutations in the HBV core promoter
L region, we have developed a model for therél of pregenomic
|| RNA of HBV, WHV and GSHYV involving two closely linked
= :| stem—loop regions. These stem—loop regions (referred to as 1 and
L UAGAUUALCAALAUAGAAULUSEULCAY 2 in this paper) may undergo base pairing to form a common stem
. . _ (Figs3 and6), but this may not be a functional requirement. The
Figure 6. Predicted 3secondary structure for WHV pregenomic RNA. Base . . - . -
pa%ring at the polyadenylationysignal (boxed) is prgdic%ed for WHYV, but not most |r_np_0rtant con5|derat|o_n is the environment prqp(_)sed for
HBV (see Fig. 3a and b). The grey shading indicates nucleotide positions with’R1 within stem—loop 1 of this secondary structure. This involves
conserved identity around DR1 between the predicted secondary structures fgonserved base pairing (Fi§) and could even involve weak
WHV and GSHV and also for that shown in Figure 3b for HBV. Two AGG three-dimensional interaction with nucleotides of stem—loop 2. The
?glc()jtiILS S(jtgbi'gtzé'&%n')glu(rgaég :ﬂgdt')”g) are also a feature of the HBV RNA |aiar nossibility has until now been considered to be unimportant
g.cep 9 ' for the replication process, based largely on work with DHBV.
The existence of stem—loop 1 at thed of pregenomic RNA

correspond to the' ®ncapsidation signal) immediately upstreamNi” be more difficult to test experimentally than the existence of
of the poly(A) signal as having a possible role in activating it. Stem-loop 2. Stem-loop 1 as proposed for HBV and WHV does
The structures proposed in this paper, invoking the concept @t have the same stringency of base pairing as stem—loop 2 and
structural differences at thé- and 3-ends of pregenomic RNA, could be predicted to be more of a dynamic structure. We note that
are of relevance in answering the above questions. These structi@@redicted Watson—Crick base pairing extends over more than
can be regarded as variants of a working model, which bofgven bases, which may have relevance for easy unfolding of the
deserve and demand experimental confirmation. The analysis vi#gicture during reverse transcription. Therd of DR1 in our
originally performed to check whether core promoter mutation§)odel, like the site of 4 nt primer synthesis, is part of a bulge,
both point mutations and deletions, might arise as a result \Which may have importance for the poorly understood mechan-
secondary structural considerations. The computer work presentgih of primer transfer, at least in mammalian hepadnaviruses.
here is convincing evidence that they may. With regard to the well-known point mutations in HBYV, it is
We propose that the creation of deletions in the core promotprth considering why a UGA motif at positions 1762-1764
region of HBV is a result of template skipping by the polymeras&ight be an advantage over an AGG motif, which was predicted
This is compatible with what we know of its natural functionto base pair with part of the DR1 sequence (ad. The most
template jumping is thought to be the mechanism by which plligely explanation for this would be that a change to UGA causes
strand synthesis in hepadnaviruses is contirit)ediife proposal a secondary structure shift (Figh) and that the substituting
is also compatible with the computer generated secondamycleotides can support the whole of the DR1 region by base
structures, where natural deletions arising in the core promotgairing, except for the four nucleotides directly involved in
map to a well-defined loop region (F#). Since completing this priming of the minus strand RNA. This would have the advantage
first analysis, we have examined the pre-S/S region of HBV f&f minimizing molecular movement in this region even further
predicted RNA secondary structure and, again, both a 129 baswl at the same time making all four primer binding nucleotides
deletion 86) and a completely overlapping 183 base form of théree from predicted base pairing-(BUCA-3'), instead of just
deletion 87-39) mapped to a long predicted stem—loop structurtéhree (5-UUC-3).

(data not shown). Why, then, would the UGA motif not be favoured in the
Since the genome of HBV has limited coding capacity (wittwild-type’ sequence, rather than arising during infection? The
overlapping ORFs and regulatory signals), it is reasonable amswer to this may be that this region also encodes the X protein
assume that only certain regions can be deleted and perhaps evah that the AGG/UGA change causes a non-conservative

only at certain stages of infection or under certain circumstancehiange in two amino acids ¥#v13)) thought to reside in an
Thus, although template skipping may arise with some frequentyportant domain of the protein for its transactivation function
throughout the pregenomic RNA as a result of secondafy0-42). Thus, during establishment of infection, it may be an
structures, such events are probably almost invariably lethal fadvantage (or a necessity) for the virus to have X protein activity
the continuation of that genome once expressed. It is possible timinfected cells, whereas during long-established infection and
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